A 681 nucleotide fragment of the hepatitis B virus (HBV) genome was sequenced that corresponded to the complete gene for hepatitis B surface antigen (HBsAg) in 80HBsAg-and hepatitis B e antigen (HBeAg)-positive sera of diverse geographical origins. These and 42 previously published HBV sequences within the S gene were used for the construction of a dendrogram. In this comparison, each of the 122 HBsAg genes was found to be related to one or other of the six previously identified genomic groups of HBV, A to F. The HBV strains within each genomic group showed a characteristic geographical distribution. Group A genomes were represented by 23 strains mainly originating in northern Europe and sub-Saharan Africa. The group B and C genomes, represented by 17 and 28 strains respectively, were confined to populations with origins in eastern Asia and the Far East. The group D genomes, represented by 38 strains, were found worldwide, but were the predominant strains in the Mediterranean area, the Near and Middle East, and in south Asia. Group E genomes, represented by nine strains, were indigenous to western sub-Saharan Africa as far south as Angola. There were indications that the F group, made up of six strains, represented the genomic group of HBV among populations with origins in the New World. Thus, HBV has diverged into genomic groups according to the distribution of mankind in the different continents. As well as giving information on the genetic relationship of HBV strains of different geographical origin, this study also provides information on the primary structure of HBsAg in different regions of the world. Such data might prove valuable in explaining the reported failures to obtain protection with current HBV vaccines.
Introduction
Human hepatitis B virus (HBV) genomes can be classified into at least six genomic groups, A to F Norder et al., 1992a) . So far, however, no data are available regarding the worldwide geographical distribution of these genomic groups. Such information is now available for hepatitis A virus (Robertson et al., 1992) .
The occurrence of nine different subtypes of HBsAg is well documented. These are aywl, ayw2, ayw3, ayw4, ayr, adw2, adw4, adrq + and adrq (Courouc6 et al., 1976; Courouc6-Pauty et al., 1978) . The relationship of these to genomic groups A to F has recently been established (Norder et al., 1992a) . Although considerable genetic heterogeneity was found among adw2 strains, the nine subtypes roughly corresponded to genomic groups so that genomes for adw2 were found in groups A, B and C, African and Vietnamese genomes encoding aywl were found in groups A and B, respectively (Norder et al., 1992a) , and strains ayw2 and ayw3 could both be allocated to group D. It was shown that ayw4 and adw4 strains differed to a great extent from each other and from other groups, suggesting their classification into two new genomic groups, E and F (Norder et al., 1992a) . Strains expressing r have so far only been found in group C Sastrosoewignjo et al., 1991; Norder et aI., 1992b) .
The amino acid residues specifying d/y and w/r have been shown to reside at positions 122 and 160 of the S gene product, respectively (Okamoto et al., 1987b) . The molecular basis for the serological variations within the four major subtypes has also recently been settled (Norder et al., 1992b) . Thus, residue 127 is important for 0001-1477 © 1993 SGM
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the subdeterminants of w, and is Pro, Thr and Leu for wl/w2, w3 and w4, respectively. Either one or both of two substitutions, at positions 134 (Phe instead of Tyr) and 159 (Ala instead of Gly), were important for the serological difference between aywl and ayw2. However, both of these substitutions were shared between aywl and adw2, implying that Arg 12~ was also important for wl expression. The absence of the q determinant in adrq and adw4 was found to differ at the amino acid level, although these subtypes shared amino acid substitutions in adjacent positions at residues 158 and 159, and at residues 177 and 178 (Norder et al., 1992b) . These findings now enable the subtype to be deduced from information on the HBsAg primary structure, in most cases.
In this present study the genomic group of HBV DNA in sera of diverse geographical origins was assessed by sequencing the viral S gene.
Methods
Sera. Serum samples from 80 HBsAg carriers of known geographical origin were used as the source of HBV DNA for sequencing. A part of the amino acid sequence of HBsAg of known subtype from 30 of these carriers has previously been published (Norder, 1992b) . These 80, and 42 further S gene sequences previously published by us and others, were used for the genetic analysis.
Amplification by PCR and sequencing. PCR was performed as previously described (Norder et al., 1990) . Four pairs of oligonucleotide primers were used to amplify the HBsAg gene, hep3-hep33, hep3-hep39, hep3~hep38 and hep4-hep34. The oligonucleotides and excess dNTPs were removed from the amplified product by using Magic PCR Preps (Promega). The products from at least one round of amplification with each of these four primer pairs were used as templates in the sequencing reaction. This was performed by the dideoxynucleotide chain termination method with hep3, hep38 and hep34 as sequencing primers as previously described (Norder et al., 1992a) .
Genetic analysis. Analysis and alignment of multiple nucleic acid sequences was performed with the University of Wisconsin Genetic Computer Group (UW GCG) program Pile-Up. This program uses the unweighted pair group method with arithmetic mean (UPGMA) procedure, resulting in a clustering order of the sequences based upon the degree of similarity which is represented as a dendrogram (Sneath & Sokal, 1973) .
Results
The dendrogram obtained from the 80 complete S genes sequenced in this study and from 42 others previously published (Fig. 1) confirmed the previous classification of HBV genomes into the six groups designated A to F. Five genomes showed a completely identical nucleotide sequence within the HBsAg gene of one of four other genomes. The genomes in groups A and D were found to have a more widespread geographical distribution than those in the other genomic groups. Group A was represented by 23 strains in populations from western Europe and the U.S.A., from Africa mainly south of the Sahara, as well as from Asia as far east as the Philippines.
Genomic groups B and C were mainly confined to populations with origins in south-east Asia, the Far East and the Pacific area, although two strains belonging to these groups were recovered from French HBsAg carriers who had never been outside France. The 38 strains representing group D were found in all the continents but mainly in the Mediterranean area, the Near and Middle East and in south Asia. The nine group E strains were found only in the western part of sub-Saharan Africa and as far south as Angola.
The group F strains demonstrated the highest degree of divergence from the other HBV genomic groups, and were represented by six strains. Three of these were epidemiologically related cases from a dialysis-associated outbreak in Paris, and formed a separate cluster. The other three strains were of American origin, one originating in Alaska and two were unrelated strains from Colombia.
All the different variants in HBsAg primary structure corresponding to the HBsAg genes in the dendrogram are shown in Fig. 2 . Apart from the segregation of the strains into genomic groups, there were also amino acid differences within the groups that corresponded to geographical variants of HBsAg. Most notably, in genomic group A, whether specifying aywl or adw2, all the non-European strains had an Asn 2°7 and a Leu 2°9 otherwise present in strains belonging to genomic groups B, C and E, but not in the majority of group A strains from Europe. N-L .................  ....................................................................................................... R -o-......................................................... • School infected with HBV strain MS-2 formed a separate cluster. All of these had an Ile ~27, and three of them had completely identical nucleotide sequences.
In group E, five out of six Angolan strains had an Ile 57 not present in the three strains of West African origin. In group F, the three strains of American origin had a Leu n° that was absent in the three French strains but present in all the group C strains.
Discussion
The geographical distribution of the different genotypes of HBV as reflected by the different subtypes was noted some time ago (Mazzur et al., 1973; Courouc6-Pauty et al., 1983) but study has been hindered by the fact that some subtypes are genetically heterogeneous; adw2, in particular, has been found to belong to three different genomic groups (Norder et al., 1992b) . The genomic groups of HBV approximately represent the geographical area of origin. However, the fact that strains found in Europe belong to genomic groups characteristic of other continents is not surprising considering the close contact between European countries and their previous colonies. The occurrence of group A strains in the U.S.A. is also not unexpected, considering the mainly European descent of its population.
Within the genomic groups we observed a number of geographical clusters sharing amino acid substitutions in the S gene product. Future research is required to determine which of the substitutions recorded only once represent epidemiologically stable variants and which are mutations not propagated as epidemiological entities.
Two HBV strains in genomic group A, B1-85 and B1-89, derive from the same patient although the B1-89 strain, which showed a high divergence from other group A genomes, was obtained 4 years later, after treatment of the patient (Tran et al., 1991) . Thus, the divergence of HBV genomes in an individual carrier might greatly exceed the intragroup variance if the virus is subjected to selective pressure by treatment, or if mutations arise in order to escape the host immune response. Such variants appear to have a limited capacity to spread, considering the low variability between HBV strains within the same area and genetic group. Therefore, considerable constraints must exist against changes in the S gene sequence, possibly caused by the overlapping reading frames of the S and the polymerase genes. Our approach to sequencing HBV DNA from the sera of HBeAg-positive long-term HBsAg carriers using PCR seems to guarantee that the prevailing HBV genotype as well as the consensus strain of the individual carrier are obtained. Interestingly, the A strains were divided into two geographical groups, one western European and the other found mainly in east and south Africa, separated by the D strains in the Mediterranean area. The A strains might therefore represent a more ancient genomic group, which has been replaced in the Mediterranean area by the later-evolving group D. Similarly, the limited geographical distribution of group B and C strains in east Asia seems to indicate that they have evolved there more recently. The B, C and D groups of HBV genomes appear to have arisen in regions of the world that were among the first to become densely populated, and might at present be spreading into areas where previously other HBV strains have dominated. A shift in the prevailing HBV strain with time as reflected by subtype has been reported in Sweden (Magnius et al., 1973) . The south to north gradient in the distribution of the adr subtype in Japan also provides evidence for such a change (Yamashita et al., 1976) . Such shifts would be possible if there were inherent biological differences between the genotypes. In Japan, the adr strains apparently have greater replicative potential than the adw strains of the same area, as evidenced by the higher age of seroconversion to anti-HBe by adr carriers (Kanagawa et al., 1992) . The more important role of vertical transmission in east Asia (Stevens et al., 1979) as compared to Africa (Skinhoj et al., 1979; Tabor et al., 1985) might also be due to the difference in prevailing genotypes between these parts of the world.
Interestingly, all the individuals infected with MS-2 had an Ile 12v and a Thr 14°. A chimpanzee experimentally infected with the MS-2 strain carried HBsAg of subtype ayw4 (Courouc6 et al., 1976 ) so it appears that the expression of w4 is independent of the Ser 14° substitution otherwise present in all E and F genomes expressing w4 reactivity (Norder et al., 1992 b) . The conservative Leu to Ile substitution at residue 127 also did not affect the expression of w4.
The French strains specifying adw4 were closely related to the Alaskan and Colombian adw4 strains in group F. This group of HBV genomes demonstrated the highest degree of divergence from other HBV genomes. The adw4 subtype previously shown to dominate in Chile (Castillo et al., 1979) , as well as in Argentina, is the only subtype encountered in Venezuelan Cuiva Indians, and is found only rarely in Europe (Courouc6-Pauty et al., 1983) . This distribution supports the theory that genomic group F is indigenous to the native population of the New World. As inferred from the distribution of the adw4 subtype (Courouc~-Pauty et al., 1983) , F strains are also present in Polynesia, in agreement with the concept of a dual Asian and South American origin of its population (Heyerdahl, 1952) .
Information on the primary structure of HBsAg in different regions of the world might prove important in understanding the failure to obtain protection with current HBV vaccines. Some failures seem to reflect rare mutational events, for example in Italy (Carman et al., 1990 ) and Singapore (Harrison et al., 1991) . However, in other parts of the world, such as Senegal (Coursaget et al., 1987) , failures are so frequent that mutations alone seem an unlikely explanation for the phenomenon. Therefore, a regional divergence in the primary structure of HBsAg, so that at least a fraction of vaccinees are provided with insufficient cross-protection against the locally prevailing strain, cannot be ruled out as the reason for these failures. Interestingly, the Thr to Ser substitution at residue 140 in the HBsAg sequence of group E strains, ayw4, and F strains, adw4, may affect one of the immunodominant loops of the a determinant formed by a disulphide bridge between Cys la9 and Cys 147 (Stirk et al., 1992) . Therefore, when attempting to explain the vaccination failures reported from some west African countries such as Senegal (Coursaget et al., 1987) , where E strains are common, the presence of the Set 14° substitution within the HBsAg sequence of these strains should be taken into account. A Thr to Ser mutation at residue 140 was also found in one of several HBsAg escape variants encountered in a patient treated with a human anti-HBV monoclonal antibody (McMahon et al., 1992). The same immunodominant loop also encompasses residue 145, which is the site for the Gly to Arg mutation in the HBsAg vaccine escape sequence (Carman et al., 1990) .
